Cytotoxicity tests are important for the screening and evaluation of biocompatibility of arti cial organs. Morphological changes of cells which were contacted to biomaterials or biomaterial extracts indicate their toxicity. However, information on cytotoxical e ects is still obtained by subjective visual inspection of microscopic samples.
Abstract
Cytotoxicity tests are important for the screening and evaluation of biocompatibility of arti cial organs. Morphological changes of cells which were contacted to biomaterials or biomaterial extracts indicate their toxicity. However, information on cytotoxical e ects is still obtained by subjective visual inspection of microscopic samples.
In this paper, a novel computer{assisted method is introduced. The automatic analysis of digitized micrographs is achieved in several stages: segmentation, separation, classi cation and measurement. The segmentation of the image is provided by a new local adaptive thresholding technique, which adapts the threshold window sizes onto local graylevel distribution and yields optimal window sizes. The actual threshold is obtained by maximizing inter{class variances and minimizing intra{class variance.
For the separation of connected cells, the binarized samples are cleaned from 'false' markers by morphological ltering. The subsequent separation is a two{phase approach. Information levels are generated top{down by successively applying an enhanced erosion operator, which yields markers and lters noise usually evolving from multiple erosions. The converse bottom{up integration of the eroded markers is performed by successively applying an enhanced dilation operator, which reconstructs the cells and prevents merging of already separated objects. The subsequent measuring provides quantitative parameters of the distribution of size and compactness of the cells contained within the sample.
Introduction
The most important presupposition for the development of medical devices is the biocompatibility of the used materials. According to Gurland et al. biocompatibility is de ned as 1]:
The ability of a material, device, or system to perform without clinically signi cant host response in a speci c application.
A comprehensive understanding of biocompatibility includes the determination of di erent parameters like cytotoxicity, mutagenicity, carcinogenicity, hemocompatibility, sensitization, and irritation. Even though cytotoxicity is only one aspect of biocompatibility, cytotoxicity studies are appropriate for screening and evaluation of biocompatibility of new or modi ed materials to be used for medical devices. Up to now, cytotoxicity studies have been limited to qualitative or semiquantitative analysis using established, transformed or neoplastic cell lines. The progress achieved in the last few years associated with the culture of mammalian cells, enabled scientists to develop quantitative assays for cytotoxicity assessments which are highly reproducible and sensitive 2, 3] . Endpoints which provide information about cellular function or cellular compartments are indicative of cytotoxicity. Examples are structural integrity of the cell, functioning of the mitochondria and DNA{synthesis. Different techniques such as scanning electron microscopy, ow cytometry, MTT/XTT tests, BrdU{incorporation, and dye exclusion assays have been used to determine these parameters.
The use of cell cultures for toxicity testing of medical devices and their biomaterials is covered by ISO10993/EN30993. Part 5 describes the basic requirements for cell culture techniques 4]. The microscopical examination of cell cultures in order to evaluate morphological changes is most frequently used in cytotoxicity evaluation of biomaterials. Usually, this is related to subsequent interactive measurement of relevant features. After appropriate staining and microscopy even minor alternations in the cell morphology of cultured cells exposed to a chemical or biomaterial become observable. The morphological changes indicate toxicity and can be related to pathological e ects caused by the biomaterial. Toxic substances eluate from foreign surfaces interact at the cellular level with cell membranes, cell organelles, protein synthesis, DNA synthesis and cell division. These substances arise from additives, process contaminants and residues, leachable substances and biodegradation products.
Ethanol is a well known toxin for hepatocytes, osteoblasts, broblasts, Kup er cells and other cell lines in low concentrations. The cytotoxic e ects depend on the exposure time and on the concentration of ethanol. The di erences in ethanol tolerance among cell lines are very low 5]. Ethanol a ects several metabolic and mitotic processes in cultured cells. Examples are cell membrane alternations 6, 7] , the disturbance of the intracellular signal transduction process 8], cell proliferation 9] and a decrease of cytoskeletal proteins 10]. In all these cases, ethanol provides a reproducible cytotoxic response.
Assessment of cell morphology is, if performed by an experienced scientist a reliable method. By development of a computer{assisted method we expect to gain more objective and standardized results. The quantitative method is to be used only for material extracts.
Changes in morphology are the general endpoint of cellular toxicity, which are often secondary e ects. Toxic e ects on cells may result in overall changes in cell shape or minor changes of cellular structures. One type of general structural change is the rounding up and shrinking of cells which normally are extended and have di erentiated contours 11, 12] . The shape of cells is ultimately determined by the structure and composition of the intracellular cytoskeletal elements. Changes of cell shapes in response to toxic e ects of foreign surfaces re ect toxin{induced rearrangements of the cytoskeleton. These toxins a ecting cytoskeletal components may also inhibit cellular movements and lament{dependent uptake or release of particles.
Naturally, the evaluation of cytotoxicity by means of microscopic observation of cell deformation is qualitative. Therefore, the e ects can only be recorded descriptively as deviation from normal morphology. This causes the well known ambiguities in interpretation and comparison of results. The acquisition of reproducible morphological cytotoxicity data of biomaterial extracts is certainly feasible by the use of computer{assisted methods, that evaluate cell populations automatical and quantitatively. The use of those algorithms in biomedical image analysis became practical in the past decades because of the enormous raise of computational power of modern image processing systems. This technical development combined with advanced staining techniques from molecular biology result in computer{assisted examination of relevant image features in microscopic samples 13]. In digital image processing, the structural analysis of the cell populations is often performed by methods of mathematical morphology 14]. Morphological lters play a major role in microscopic image interpretation because of their object{, rather than frequency{oriented operations. This versatile theory can be used at di erent stages of the automated feature quanti cation process, the preprocessing 15], the segmentation 16], or the feature extraction 17].
However, those bene ts from modern technologies have not been established in clinical routine. For example, the deformation of the natural shape of Hemalaun{ stained L{929 cells which were exposed to ethanol is still determined by visual inspection.
In this paper, cytotoxicity determination is supported by a novel computerized method for geometric shape analysis of cells extracted from digitized samples. The aim is to measure quantitative and discriminative parameters. For this purpose, segmentation, separation, classi cation and quanti cation of cells is performed using specially designed image processing algorithms. Image segmentation is one of the most important steps.
Because of the numerous problems that arise from variances of illumination, layer thickness, or staining concentration 18, 19] , only a few of the proposed segmentation techniques are applicable in digital cytological imaging 20, 21] . Therefore, a local adaptive thresholding technique was specially developed to cope with problems related to cytological samples (Section 2.1).
Special algorithms have been designed and applied to the geometric separation and classi cation of binary objects in order to quantify their shapes. This is achieved by cascaded application of morphological lters (Section 2.2). To determine cytotoxicity, we extract quantitative parameters such as size, perimeter, compactness, and the center of gravity of the scatter diagram (Section 2.3). The signi cance of the parameters extracted by our algorithm is experimentally veri ed. Fibroblasts were destructed by de ned concentrations of ethanol and acquired using digital microscopy (Section 3). The changes in shape are determined by our novel algorithm for automatic shape analysis. The results of this evaluation is presented in Section2 The algorithm for automatic shape analysis After staining, preparation, and digital acquisition of cytological samples (Sec. 3), the extraction of quantitative parameters is always performed by the following steps:
Segmentation. Image segmentation results in relevant and non{relevant connected regions (e.g. object and background). This includes preprocessing steps like object dependent noise ltering and contrast enhancement.
Separation and classi cation. However, the regions obtained by any segmentation process do not correspond exactly with the objects in the image. Some regions might contain more than one object (undersegmentation) while others represent less than one object (oversegmentation). The separation and classi cation step can be viewed as a postprocessing of segmentation, that prepares the image for the subsequent measurements. In the special case of shape analysis of monolayered cell populations, this step performs the separation of agglomerated cells into single countable and measurable segments. In addition, distorted cells are detected (classi cation) and removed.
Measurement. Quantitative parameters are measured from the image material.
They describe discriminative features, which allow the determination of the toxicity of the material that was in contact with the cells.
Segmentation of the digital samples
After contrast enhancement and noise reduction the image is partitioned into non{ overlapping regions corresponding to the interpretation of human observers. Concerning a population of L{929 broblasts, this segmentation step should result in two regions: the cells and the image background. Therefore, it is obvious to calculate a binarization of the image. In a binary image, any pixel contains either the graylevel 0 (black/background) or 1 (white/object).
If all objects are of equal graylevel characteristics (the cells are of same type) a histogram thresholding technique can be applied. A histogram gives the one{ dimensional a{priori probability for all graylevels in the image (Fig. 1) . Usually, the graylevels occurring within the objects di er signi cantly from those in the background. This results in a bimodal histogram function which can be split into two parts by one global threshold.
However, in light micrographs from biological samples usually both, illumination and slice thickness may change signi cantly (Fig. 2a) . In addition, the concentration of staining cannot assumed to be constant, which causes further problems for segmentation. Therefore, global histogram thresholding results in poor segmentation quality (Fig. 2b) . Improved results are obtained by local techniques, which determine independent thresholds for subimages (local windows) of constant size. However, if the distribution of objects in the image is not homogeneous, local approaches cause rectangular artifacts (Fig. 2c) .
Since large graylevel variances require small window sizes and vice versa, the threshold window sizes are adapted to the local graylevel distributions. The window size is increased until the local variance meets the global variance, i.e. the presence of different regions can be assumed. Generally, any kind of thresholding technique could be applied to decide whether the center pixel of the window belongs to the object or to the background. For the segmentation of the L{929 populations the histogram thresholding technique proposed by Otsu was chosen 22]. This technique yields the threshold with minimal inter{class variance and maximal intra{class variance. The adaptive technique prevents the binarization errors of the static techniques (Fig. 2d ).
Separation and classi cation by mathematical morphology
Due to detection errors and the image acquisition itself the binarized images are noisy and continuous cells might result in connected segments (Fig. 2d) . For subsequent quanti cation, noise ltering as well as the separation of the detected regions into single objects is required. This is done by means of mathematical morphology, which provides powerful tools for the manipulation of binary objects 14].
Since the magni cation of the microscope and the expected minimal size of totally damaged broblasts is known, the classi cation of binary segments into cells and noise can easily be done by morphological reconstruction lters. The resulting binary objects are then separated into single cells by an cascaded approach. Figure 3b and 3f were reconstructed from the ltered ultimate eroded points. The disadvantages are obviously that all objects have to be of similar size and shape. Compact objects of di erent size lead to incorrect markers because the marker generation is size independent (Fig. 3b) . Moreover, objects with irregular shapes produce to many markers (Fig. 3f) because the geometric interpretation is drawn from one single level. Figure 3c and 3g show the separation results obtained by a reconstruction that starts with the maxima of the distance transform 24]. Although the distance transform is able to handle objects with di erent size (Fig. 3c) , the irregular shape of cells again causes oversegmentation (Fig. 3g) .
However, progressive segmentation using markers and applying complete object information afterwards is a common concept in mathematical morphology 16]. In our algorithm, the separation of the agglomerated cells into single measurable broblasts is performed in two phases.
Marker generation: A marker is just an indicator for the presence of an object but does not contain any shape information on the corresponding cell. The basic assumption is, that two cells touching each other can be transformed into two separated markers by successive erosions. A number of marker levels is calculated by successive application of an enhanced erosion operator. The operator consists of a common erosion and a masked opening. These successive openings remove 'false markers' that usually occur for multiple erosions of structured binary images. This prevents oversegmentation.
Reconstruction: The reconstruction of the original cells from their markers is achieved by successive application of an enhanced dilation operator. The markers of di erent marker levels are added level by level and dilated to the size and shape of the cell they represent. The merging of two separate markers is prevented by the operator. This way of reconstructing the markers yields sensible separations even if the objects are di erent in size and shape.
Compared to the common separation techniques, our cascaded design avoids both drawbacks. The multi{level generation and ltering of markers is independent of the object size (Fig. 3d) while their stepwise reconstruction according to the objects they represent is not a ected by the object's shape (Fig. 3h ).
Quanti cation of shape parameters
For the determination of exact parameters from digital images, two important points have to be considered: Firstly, the transition from analogue biological objects to digital objects is crucial. Caused by the image sampling, theorems from the Euclidean geometry do not hold in the discrete domain. Secondly, complex characteristic features of object's morphology need to be expressed by single numbers, which have to discriminate between the di erent stages of morphological changes, and consequently for the toxicity of a biomaterial.
Measuring continuous objects in digital space
The digitization and binarization of a sample only yields an approximation of the continuous biological objects. Since the CCD{cameras which are used for image discretization are not related to the frequencies occurring within the images, it is obvious that the deviation between the lengths of continuous and digital contours decreases if the resolution of image capturing is increased 25]. Several methods have been proposed to measure the length of digital contours 26]. The most commonly used approaches are shown in Figure 4 . Using a 4{connected grid (Fig. 4b) , only horizontal and vertical steps are possible. The number of boundary pixels normalized by their absolute size results in an approximation of the length, which is usually larger than the continuous length. The use of an 8{connected grid (Fig. 4c) improves the result because diagonal steps are allowed. However, the measured length are usually to small. The lowest deviation between digital and analogue lengths is obtained by an extension of the 8{connected grid, which corrects the diagonal steps to an adjacent pixel by the factor p 2 (Fig. 4d) . The latter technique yields best results because the diagonal behaviour is most realistic. The normalized lengths given in Figure 4 show the described e ect.
Quanti cation of shape
The shape of objects is most important for the analysis of microscopical structures. Hence, it must be described exactly by a comprehensive measure. Di erent methods exist to determine quantitatively a complex feature like shape 25]. Shape factors which are adapted to special cytological problems are presented in 27]. In fact, the representation of shape by a parameter is an enormous data compression, and there is no optimal parameter covering all aspects of shape interpretation.
The aspect{ratio is often used to quantify the elongation of binary objects because it uses indirect length measures. The aspect{ratio is obtained from length and width of the minimal bounding box: 
The aspect{ratio require additional computation to obtain rotation{invariant measures. For example, each object is adjusted by a Hotelling transform before the aspect{ratio is calculated. Additionally, the number of in ection points of the contour is not considered by such measures. Furthermore, the aspect{ratio is insensitive to irregularities of the shape (Fig. 5 ).
To quantify cytotoxicity of cell populations, the shape irregularities are the most important characteristics to be measured. An appropriate parameter for this purpose is the compactness: C = 4 area perimeter 2 with 0 C 1
The compactness yields the ratio between area and perimeter of an object, which estimates the shape irregularities rather than the object's elongation. The compactness is rotation invariant, which reduces the computational overhead compared to the prior measure. Figure 5 shows the properties of the two described parameters.
Mouse connective tissue broblasts (cell line L{929, DSM ACC 2, DSM, Braunschweig, Germany) were used to perform the quantitative image analysis. The L{929 cell line is the de{facto standard for in{vitro testing of biomaterials and is recommended in ISO10993 and EN30995 standards. They are grown in monolayers with a doubling time of about 24 hours. The L{929 cells were routinely cultured in tissue culture polystyrene asks (Falcon, Heidelberg, Germany) at 37 C with 7.5% CO 2 . They were harvested after treatment with trypsin (0.25%, Gibco, Eggenstein{Leopoldshafen, Germany). The culture medium was 90% RPMI 1640 (Bio Whittacker, Vervier, Belgium) + 10% fetal calf Serum (Bio Whittacker, Vervier, Belgium). The cells were free of mycoplasma tested by the DAPI assay. The cells were counted with an electronic cell counter (Casy 1 model TT, Sch arfe Systems, Reutlingen, Germany).
For the experiments silicone rubber blocks (Flexiperm c {Mikro{12, Heraeus, Hanau, Germany) were mounted on slides. Each rubber block contains 12 holes with a diameter of 6mm and a depth of 5mm. Four slides were placed in a multiwell (Quadriperm c , Heraeus, Hanau, Germany). 100 l cell suspension with a density of 30.000 cells/ml were placed in each cavity. The cells were incubated according the culture conditions. After 24 hours the medium was discarded and replaced with test medium containing ethanol (ethanol concentrations used The cells were exposed for 24 hours. After the incubation time the cells were gentle rinsed with PBS, xed in 3.5% formaldehyde for 10 minutes, and stained with the basic dye haematoxylin (Merck, Darmstadt, Germany). Haematoxylin is added to the cell specimens for 10 minutes. This treatment was followed by rinsing in water and resulted in a blue{coloured complex. This complex was positively charged and bound to negatively charged cell components.
The toxic e ects on cells were evaluated quantitatively by assessing the general morphology, vacuolation and shape of the nucleus by our novel geometric shape analysis. The cellular response was also recorded by direct morphological observation with a microscope DMR (Leitz, T ubingen, Germany) at magni cation 100. The observation was aligned with a series of digitized images (768 512 pixel matrix) acquired by a 3{chip CCD colour camera (Sony) and the imaging system Quantimet 600C (Leica, Bensheim, Germany). The algorithms for automatic image analysis were designed on a UNIX platform using the software development environment Khoros 2.2 (Khoral Research, Albuquerque, NM, USA).
Results
The main stages of automatic shape analysis are depicted in Fig. 6 . The cytological sample (Fig. 6a) is binarized to segment objects from background by local adaptive thresholding. At this stage, the segmentation results still include noise and unwanted smaller compartments (Fig. 6b) . Morphological ltering yields only those binary objects that correspond to cells (Fig. 6c) . The deagglomeration algorithm results in separated cells, that are prepared for subsequent quanti cation (Fig. 6d) .
The central presupposition for automatic quanti cation of the morphological changes is a segmentation and separation of highest possible quality. The example in Figure 6d contains only two minor di erences to the separation an expert would draw. Such separation quality enables robust quanti cation of shape deformations.
To evaluate the quality of the automatic analysis, the manual cell segmentation and separation of an expert has to be compared with the results of the algorithm.
Qualitatively the e ects of the incubations with di erent concentrations can be described as follows:
The ethanol concentration was stable till 8 hours incubation time. From 8 to 24 hours there was a decrease to approximately 67{73% of the initial concentration. Morphological assessment of cytotoxic e ects of ethanol seen with a light microscope gave a concentration dependent cell response. The incubation time of 24 hours was chosen in accordance with the ISO10993/EN30993 part 5, which recommended an incubation time of 24 hours to 72 hours with the test medium. Ethanol was used as positive control, which provides a reproducible cytotoxic response. Cytotoxic e ects were detected after short incubation time from 5 to 10 minutes of exposure to 15% ethanol using trypan blue exclusion test and 3H{thymidine incorporation 5]. Without ethanol the cells showed no visible signs of pathological abberations. Size and shape of nuclei and nucleoli were unaltered. The cytoplasm did not show any symptoms of vacuolization. Only the mitotic cells were rounded up and the typical dumbell{shape appears. All other cells were well spread out and had the typical shape of murine broblasts. 5% ethanol in cell culture medium in uenced mainly the cell number on the substrate. Cell density and number of mitotic cells were clearly diminished. The cell shape was not altered dramatically. After incubation with 10% ethanol the cells showed explicit pathological attributes. Most cells were rounded up and the nuclei were compressed. None mitotic cells were visible and the cells lost the typical appearance of murine broblasts.
Since no morphological di erences were noticeable between the 10% incubated cells and higher concentrations, we neglected the quantitative assessment of ethanol concentrations higher than 10%. For the automated deformation analysis 268 images were captured for each of the three concentrations of ethanol. This represents a total examination area of about 68.6 mm The quantitative results are shown in Fig. 7 . The distributions of the compactness and a scatter plot of equally sized representative samples of the three concentrations of ethanol are given. As discriminative parameters of the distributions the 25%, 50%, and 75% intervals are visualized. Additionally, the mean of the compactness distribution is given. The scatter diagrams show the relation between size (x{axis) and perimeter (y{axis) of the cells in the samples. Cells that are perfectly circular would lay on the ideal circle line which represents a lower limit for the plots. The grid shows the center of gravity of the set.
For the quantitative analysis a set of eight parameters was calculated in order to discriminate between the concentrations of ethanol: The three intervals and the mean of the compactness distribution, the center of gravity of the scatter plot, the density of the population, and the coverage of the cells (Tab. 1). All parameters, despite of the coverage, require the separation of the agglomerated cells. Since density and coverage are dependent on the number of cells in the population, they yield best discrimination between the di erent concentrations. More objective quanti cations of the actual shape are given by parameters that are independent on the number of cells because they represent only geometrical features. These are the ones shown in in Fig. 7 . Such more complex parameters are in general more robust, because they incorporate di erent geometrical properties of the cells instead of incorporating cell quantities.
The distribution{ and scatter{diagrams show good discrimination between 10% and lower concentrations. The di erence between 0% and 5% concentration is obvious in both diagrams. From 0% to 5% the changes in compactness show a tendency towards toxic response, while the scatter plot shows good discrimination between the corresponding concentrations. Even better discrimination can be achieved by incorporating parameters such as density and coverage.
Since the compactnesses are obviously not normally distributed, a Wilcoxon 2{ sample test was used to decide whether the distributions di er signi cantly. For all pairs of ethanol concentration, 0% (29939 cells, mean compactness 0.465, standard deviation 0.200) and 5% (19801 cells, mean compactness 0.514, standard deviation 0.236), 0% and 10% (10495 cells, mean compactness 0.711, standard deviation 0.259), and 5% and 10%, the hypothesis of equal distributions can be rejected (p < 0:0001). Therefore, the compactness of cells is an appropriate indicator of toxicity. This result was found also for the additional parameters density and coverage.
Discussion
To obtain reproducible and statistically expressive cytometrical data, a large number of samples have to be acquired and analyzed. Computer{assisted microscopy can provide methods that increase quality and comparability of clinical studies by reducing the subjective in uence of human operators on the results. In order to guarantee correctness of extracted parameters, reliable segmentation techniques are required. Expressive results are obtained, if the extracted parameters discriminate between a{priori de ned and well{known pathological states. In the case of cytotoxicity evaluation of biomaterials via quanti cation of morphological changes, the segmentation is performed by a special local adaptive thresholding technique. The actual separation of agglomerated cells is done by a novel cascaded separation technique, based on mathematical morphology.
The quantitative parameters extracted by the proposed method show good correlations to the qualitative evaluations of an expert. Hence, it is suitable for analyzing arti cial organs with large surfaces such as dialysis membranes or oxygenators. In this case, the material has to be scanned uniformly before the homogeneity of the material can be analyzed. The method is extendable to cells with direct contact to the biomaterial, where dilution serieses will are required to create appropriate dose/e ect curves of the material. However, the analysis of large surfaces requires a mosaic function, that puts together the single samples. Then the samples have to be acquired with a su cient overlapping to provide information for the spatial reconstruction of the entire population.
All presented parameters are determined automatically. One has to keep in mind, that all data represents complex biological features. Hence, the way of representing and visualizing the data is crucial to the discrimination of phenomena. This e ect can be seen in Fig. 7 . The information yielded by the compactness distribution and the scatter plots are equal, because both sets contain information on the area and perimeter of the cells. Nevertheless, the scatter plots generally provide better discrimination between the toxical classes than the compactness distributions, because it is easier to recognize a qualitative di erence between the ethanol concentrations in the scatter plots. This e ect is independent on the center of gravity. Other quantitative parameters like the main axis of the best tting ellipsoid of the scatter plot, or the number of second derivative zeros in cell shapes reduce the information in the diagrams in Fig. 7 . They compress the information towards synthesized numerical values and may provide good discrimination between the toxical classes. The parameters are gathered as feature vectors which represent points in multi{ dimensional space. Clustering methods determine thresholds which show whether cells are pathologically changed by a biomaterial or not.
The usefulness and applicability of our method was demonstrated. Both, qualitative and quantitative descriptions are appropriate to evaluate cytotoxic potentials of biomaterials. However, the automatic method cannot substitute all kinds of microscopic assessments of cell cultures. Compared to the usual verbal description, the following advantages of the presented computer{assisted shape analysis as part of a system for quantitative microscopy can be summarized:
. The results are independent on subjective interpretations by human observers.
. Cytotoxic in uences of biomaterials can be standardized which makes them comparable for interdisciplinary research.
. Threshold values for the classi cation of biomaterials as toxic or non{toxic can be determined.
. The method is especially suitable for the screening of a large number of material modi cations like polymer blends and surface modi cations.
. They are appropriate to assess the response to negative and positive reference material. Validity of test results is only given if the results of the control sets lie within an expected range.
. The automatisation leads to a signi cant speed{up in preparing a study with neglectable reduction of quality.
The presented algorithms can be adapted to all adherent cells obtained in monolayers. Presently, the method is under modi cation to adapt it to quanti cation of thrombocyte adhesion.
The following steps in this project have to be the evaluation of the relevance of the extracted quantitative parameters. The analysis of deformed L{929 cells incorporates the determination of dose/e ect curves for ethanol. This is important, because up to now we can provide di erent quantitative parameters, but we yet do not know which of them is best for the discrimination of toxical classes via dose/e ect curves.
One demand on suitable parameters is their independence on the number of cells acquired. E.g. coverage and density of a population (Table 1 ) may yield di erent values for the ethanol concentrations, but cannot be taken to create dose/e ect curves. Once dose/e ect curves exist and determine the range of the main parameters, a quality control of future tests is possible via the positive and negative references.
In further studies we will use extracts of recommended negative and positive control materials like high density polyethylene and organo{tin poly(vinylchloride). The sensitivity of the method will be evaluates by comparison with other established test systems like XTT{test and proliferation test. The diagrams show the results of cytotoxicity tests with L{929 broblasts and 0%, 5%, and 10% ethanol as toxin. In the left column the distributions of compactness of representative samples of approx. 10000 cells are shown. As features of the distribution the 25%, 50% (median), and 75% intervals and the mean compactness are given. The right column shows scatter diagrams for 500 representative cells, with the covered area on the x{axis and perimeter on the y{axis. The center of the scatter plots is marked by the grid. 
